The double-pass intensity point-spread function was recorded in four subjects using a monochromatic source emitting at 543 nm, through a 6.7-mm diameter pupil i) at the fovea after adaptive optics correction of the ocular aberrations, ii) at the fovea without adaptive optics correction, and iii) at 2 • of eccentricity with adaptive optics correction. The half-width at half-maximum of the double-pass point-spread function was narrower after correction of the ocular aberrations. At 2 • of eccentricity this width was larger than at the fovea. The minimum widths were about 1.1 arcmin in dark pigmented eyes and 1.6 arcmin in light pigmented eyes. These values are 6 to 9 times larger than the width expected from diffraction alone.
Introduction
There has been tremendous interest in the limiting factors affecting retinal imaging since the introduction of adaptive optics (AO) to the flood illuminated fundus camera [1] [2] [3] , confocal scanning laser ophthalmoscope [4] [5] [6] , and optical coherence tomography (OCT) [7] [8] [9] [10] . The performance of these AO systems are usually derived from the ocular aberrations measured by the wavefront sensor (WS). Impressive reduction of the wavefront aberrations, tightening of the reconstructed point-spread function (PSF), and increase of the corresponding Strehl ratio were reported. These changes, however, reflect changes brought to the wavefront aberrations as measured by the WS and they may not reflect the changes brought to the retinal images. When the spatial frequency content of the retinal images is analysed [11] , an increase is found in the magnitude of the mid-range frequencies for a given retinal area. This result reflects a real change in the retinal images obtained using AO.
Another approach is to measure the double-pass PSF, that is, to measure the light distribution in an image of the retina onto which a point source was imaged. This technique was used extensively to obtain the single-pass modulation transfer function of the eye at first using a slit source [12] [13] [14] and later using a point source [15] [16] [17] [18] [19] , assuming a negligible contribution from the eye fundus, i.e., that the eye fundus acts as a perfect single layer diffuser. The double-pass PSF is generally not measured in AO systems. Using a small entrance pupil and a large exit pupil, Diaz-Santana et al. [20] and Chamot et al. [21] showed the effect of AO correction on the double-pass PSF. The sensitivity of these measurements were limited by the small input pupil.
In the development of a coherent retinal imaging system [22, 23] , we assessed the feasibility of creating a point-like source at the fundus. We obtained, in young subjects, the double-pass PSF through a 6.7-mm diameter pupil after AO correction of the ocular aberrations. Here we report on the measured double-pass PSF and compare it to the uncorrected double-pass PSF, to the double-pass PSF reconstructed from the WS data and to the diffraction limited double-pass PSF. The measured double-pass PSF and the double-pass PSF reconstructed from the WS data should be similar provided that the light scattering within the eye is negligible.
Method
We built a fundus camera fitted with a closed-loop adaptive optics system. The main components of this camera are shown in Fig. 1 . Starting from the subject's eye, the system consists of a telescopic arrangement (ophthalmic lens OL and lens L1) which images the pupil of the subject onto the deformable mirror (DM). After the DM, the optical system is separated in two parts by the dichroic beam splitter (DBS). One part is for wavefront sensing and the other part is for fundus imaging.
Closed-loop AO system
For wavefront sensing a 675-nm laser beam (B1) is focused on the eye fundus from a 1-mm diameter pupil located 2-mm off-axis (4 µW). The light back scattered from the fundus forms a wavefront at the exit pupil of the eye which is conjugated with the DM and the Hartmann-Shack WS. The wavefront is sampled by a grid of lenses (0.6-mm pitch at the cornea) which forms 97 spots onto a CCD camera (Retiga EX, QImaging, USA). The number of frames acquired per second ranged from 12 to 18. The WS data is converted, using the pseudo-inverse of the interaction matrix of the system [24] , into the voltage commands used to control in closed-loop the 35-element bimorph DM (AOptix Inc, USA). The performance of this mirror to correct ocular aberrations was previously assessed [25] .
Retinal imaging
For imaging, a 543-nm He-Ne laser beam B2 is used. This beam is reflected by the beam splitter BS2 and by the DBS. Then it is pre-corrected by the DM to forms a sharply focused spot on the eye fundus. At the cornea, this beam has a power of 80 nW and enters the eye through a 6.7-mm diameter. The input pupil has a 2.6-mm diameter central obscuration to avoid light backreflection from the optical elements of the system and from the optics of the subject eye. The light back scattered by the fundus exits the eye through a 6.7-mm diameter clear aperture and it follows the same path up to the BS2, where it is transmitted toward the CCD camera (Rolera-XR, QImaging, USA). All the lenses of the system are achromats working at an F-number of 15. Each pixel of the camera subtends an angle of 0.20 minute of arc (arcmin) at the pupil of the eye (≈ 1 µm at the retina). By axially translating the lens L2, the conjugation of both the probing beam focused spot and the imaging CCD camera is changed. The lens L2 was adjusted to suppress the effect of the ocular longitudinal chromatic aberration and to obtain through focus double-pass PSF. A mechanical shutter (LST200, nmLaser Product, Inc, USA) limited the beam B2 exposure to 1 second. The retinal irradiance averaged over a circular area with a diameter equal to the full width at half maximum of the diffraction limited pattern (Airy disk) is 13 times less than the maximum permissible irradiance given by the ANSI standard [26] . The retinal irradiance was averaged over a smaller area than prescribed by the standard because the latter assume the presence of ocular aberrations [27] .
Subjects and measurement protocols
Four subjects, one female and three males, aged between 25 and 36 years participated in this study. The two subjects A and B have darkly pigmented eyes and the two subjects C and D have lightly pigmented (blue) eyes. All eyes had spherical ametropia smaller than ±2 dioptres and less than 1 dioptre of astigmatism. The measured eye was dilated using 1% Tropicamide drops.
We obtained three through focus series of double-pass PSF taken at five different focus depths (taken in a random order from -60, -30, 0, 30, 60 µm, with 0 µm being the focus position that gave the narrowest double-pass PSF in preliminary measurements in subject A). Series 1 was obtained with the beam aimed at the fovea after AO correction, Series 2 was obtained at the same location but without AO correction, and Series 3 was obtained at an angle of eccentricity of 2 • (1.4 • nasally, 1.4 • superior) with AO correction. For each series and at each focus depth three double-pass PSF were obtained as follows. The subject was asked to bite a dental impression attached to a three-axis translation stage. After alignment of the subject pupil, the amplitude of the tip, tilt, and defocus terms read by the WS were minimised by adjusting the incidence angle of the WS probing beam (tip, tilt) and by axially translating OL and the subject head (defocus). Then the subject was asked to blink, the AO loop was closed for 30 WS frames, the AO correction was frozen, and a double-pass PSF image was acquired. Following each exposure, the subject could blink normally and the DM was reset. After the third exposure, the subject removed his head from the instrument. For the Series 2, the series without AO correction, the operator waited 3 seconds after the blink before taking the exposure.
Image analysis
For each frame, a constant bias level obtained from an unexposed corner of the CCD camera was subtracted. Then the centre of the light distribution was found by cross-correlation with a 1-arcmin half width at half maximum (HWHM) Lorentzian function, L(r) = cw/(w 2 + r 2 ), where c is a constant and w is the HWHM. The distance (visual angle) from the centre of the light distribution to each pixel was computed and a plot of the radial intensity distribution (assuming rotational symmetry) was generated. A Lorentzian function was then fitted to this profile to obtain the HWHM of the double-pass PSF.
Reconstruction of the double-pass PSF from the WS measurements
We obtained a series of single-pass PSF from the last 10 WS measurements preceding each frame acquisition by reconstructing the wavefront (least-square fit using 35 Zernike modes [24] ), and by taking the square modulus of the field after propagation of the wavefront to the fundus, assuming an unit amplitude across the pupil. These 10 PSF were averaged and the double-pass PSF was obtained from the autocorrelation of this mean single-pass PSF [28] assuming a delta-correlated scattering at the retina [29] . The reconstructed double-pass PSF showed more radial variations than the measured double-pass PSF. Therefore, instead of plotting all pixel values, the mean radial profile was generated by averaging over 0.025 arcmin radial bins. The HWHM of these profiles was taken to be radial bin that held the value the closest to the half maximum. For comparison, the double-pass PSF of a diffraction limited optical system was obtained by autocorrelation of the diffraction pattern (Airy disk). For our experimental setup this calculation yields a HWHM of the diffraction limited double-pass PSF of 0.19 arcmin.
Tests of the method
In order to test the optical quality of the optical system including the presence of non-common pass errors, we measured the single-pass PSF of the illumination path and the single-pass PSF of the observation path separately. First, the AO system is used to correct the aberrations measured by the wavefront sensor using a collimated beam instead of the subject's eye (point source whose light is collimated by a 80-mm focal length achromat). For the illumination path, the subject's eye was replaced by an achromatic lens with a focal length of 16 mm and the PSF was re-imaged using a 50x microscope objective. Figure 2 (left) shows an image of the single-pass PSF and its radial profile. The HWHM of this profile was found to be 0.146 arcmin using a fit of the function [2J 1 (v)/v] 2 . This value is very close to 0.143 arcmin, the HWHM of a diffraction limited PSF. As seen by the height of the first ring, some small aberrations are present. These aberrations are probably introduced by the achromatic lens used as artificial eye which is not part of the setup. This lens is working with an F-number of 2.4 compared to 15 for the lenses of the system. To measure the PSF of the observation path, the subject's eye was replaced by a plane wave (point source collimated by a 80-mm focal length achromat) and the PSF was recorded by the system CCD camera. The system was designed to sample the retinal image at the Shannon's critical frequency. The fine structures of the diffraction limited PSF are under sampled (Fig. 2 right) . Most of the intensity is within a radius of 0.5 arcmin (fit gives a HWHM of 0.22 arcmin). The observation path is identical to the illumination path except for the beam splitter BS2 (peak to valley surface figure given at 63 nm) and for the lens L4.
To test whether the ocular aberrations during the acquisition of the double-pass PSF images was different from the aberrations measured at the end of the period of AO correction, we measured, in subject A, the wavefront aberrations during 30 frames of AO correction and during 30 additional frames with frozen corrections. The RMS wavefront aberration with frozen correction remained the same as the RMS wavefront aberrations obtained during the last 10 frames of AO correction.
Results
Without AO correction, the root mean square (RMS) wavefront aberration, without tip, tilt, and with minimised defocus, was 0.59, 0.36, 0.96, 0.41 µm for subject A to D, respectively. A set of results obtained with AO correction is shown in Fig. 3 . These data were obtained from one of the three measurement of the Series 1 at a focus position of 0 µm. The first line shows the RMS wavefront aberrations obtained during AO correction and its average value over the last second of recording. This value is the RMS residual wavefront aberration after AO correction as measured by the wavefront sensor. The second line shows the measured double-pass PSF and the third line shows its radial profile with the Lorentzian fit and the HWHM in arcmin. The fourth line shows the reconstructed double-pass PSF and the fifth line shows its reconstructed radial profile with the extrapolated HWHM.
The mean residual wavefront aberrations over each measurement was 0.087 ± 0.016 µm (standard deviation) ranging from 0.052 to 0.127 µm (N = 120). The mean residual aberration for each subject (A to D) was 0.097, 0.085, 0.097, and 0.072 µm. The width of the minimum double-pass PSF obtained within each series is reported in Table  1 . The following results can be noted. The width obtained with AO correction (Series 1) was always less than the width obtained without AO correction (Series 2). The width with AO correction was 48, 67, 53, and 74 % of the width without AO corection. The minimum width of the measured double-pass PSF for subject C and D is about 50 % larger than the width obtained for subject A and B. The width of the measured double-pass PSF is 5.8 and 6.3 times larger than the width of the diffraction limited double-pass PSF, for subject A and B, respectively, and it is 9 times larger for subject C and D. At 2 • of eccentricity, the double-pass PSF were larger than the ones obtained at the fovea. This difference was larger for the subjects A and B than for the subjects C an D (Fig. 4 open and filled squares) . The width of the reconstructed double-pass PSF after AO correction are all smaller than 0.5 arcmin (most around 0.2 arcmin), only marginally wider the the diffraction limit (Fig. 4) . 
Discussion
In young subjects, using an annulus-shaped input pupil of 6.7-mm external diameter and 2.6-mm inner diameter, an unobstructed output pupil of 6.7-mm diameter, a wavelength of 543 nm, and careful focusing, we found that the width of the double-pass PSF after AO correction of the ocular aberrations is always smaller than the width of the double-pass PSF obtained in the same conditions but without AO correction. As expected, removing the ocular aberrations increases the compactness of the double-pass PSF. The width of this PSF, however, remains many times larger than either the width of the reconstructed double-pass PSF using the WS data or the width of the diffraction limited double-pass PSF. Assuming that our wavefront sensor is not biased, the residual ocular aberrations after AO correction are too small to account for the measured double-pass PSF. Apart from the aberrations, the double-pass PSF can be degraded by scattering in the different ocular media, by contributions of out of focus reflecting surfaces, and by light diffusion behind the photoreceptors in the retinal pigment epithelium (RPE), in the choroid, and by the sclera.
The effect of scattering by the ocular media cannot be evaluated directly. Here we selected young subjects to minimise this contribution. The colour of the iris reflects the amount of melanin pigment within the choroid [30] . As, in our experiment, the width of the double-pass PSF measured in lightly pigmented eyes is about 50 % larger than the width of the doublepass PSF obtained in pigmented eyes, we can conclude that in lightly pigmented eye, there is a strong contribution from light scattered within the choroid. Absorption by haemoglobin and melanin is strong at 543 nm [30] but a small part of the PSF must be coming from the choroid even in a well pigmented eye. Geeraets et al. found in ex vivo preparation that about 5 % of the green light is transmitted through the RPE and the choroid of their most pigmented eye [31] . The retina at 2
• of eccentricity is thicker than at the fovea and it comprises layers of cell and fibre not present at the fovea [32] . The measured double-pass PSF is larger at 2 • of eccentricity than at the fovea. This difference may reflect the amount of light scattering within the retina. Retinal scattering is known and was measured subjectively by Vos and Bouman [33] , is visible in the work of Zeimer et al. [34] , and in the OCT signal from the inner retina. We can not rule out a difference in pigment density behind the retina at the two sites of measurements. Indeed, Weiter et al. showed that the concentration of melanin within the RPE peaks at the fovea [35] . Another difference which may influence the width of the double-pass PSF is the diameter of the cone photoreceptors. At the fovea, the cone photoreceptors are much smaller that at 2
• of eccentricity [36] .
We now compare our double-pass PSF with previous studies. In a previous report, we have shown that the width of short exposures double-pass PSF in two subjects after AO correction of the ocular aberrations were about 1 arcmin for a green probing beam and 3 arcmin for a red probing beam [37] . This result shows that the width of the double-pass PSF is not related to the 1 second exposure duration. Without AO correction and using 6-mm diameter pupil, early works obtained HWHM for the line spread function ranging from 3.1 to 6.6 arcmin using a polychromatic source [13, 14] . This is larger than our results obtained without AO correction and it is most certainly due to the longitudinal chromatic aberration of the eye. Using a 6-mm diameter pupil and a monochromatic source emitting a 532 nm, Rodríguez and Navarro measured a double-pass PSF with an HWHM of 2.1 arcmin [19, Fig. 2a ]. This value is within the range of values we obtained without AO correction. Using a 3.5-mm pupil and a wavelength of 633 nm, Liang and Westheimer showed HWHM of 0.9 and 1.7 arcmin for an x and y profile, respectively [16, Fig. 2a] . These values are similar in magnitude to the values we obtained through a large pupil after AO correction. The diffraction limit for a 3.5-mm pupil is about two times larger than the diffraction limit for the pupil size used in our study. Our results, however, are not diffraction limited. The largest contribution to the spread of the double pass PSF may be from the light interaction with the fundus tissue. With a smaller pupil, the contribution from out of focus layers will be more compact than using a larger pupil. Another difference is that we blocked the central part of the illumination pupil to avoid back reflections and therefore we greatly reduced the guided contribution from the cone photoreceptors [38] . To achieve the narrowest light distribution at the fundus, there may be an optimum pupil size that balances the effect of the out of focus contributions and the effect of diffraction. Due to the shape of the light distribution in the double-pass PSF image, it appears difficult to obtain a tight concentration of light within about 1 arcmin. Our measurements show that the retina and deeper layers contribute to the double-pass PSF. This contribution is relatively larger in eyes with small amount of aberration and at measurement sites outside of the fovea. This result is in contradiction with the assumption needed to retrieve the single-pass optical transfer function from the double-pass PSF, and therefore, as Gorrand remarked before [39] , caution is required in the interpretation of modulation transfer function of the eye obtained using the aerial image.
